A scheme of a waveguide sensor utilizing an output grating coupler with the grating length less than the coupling length is analyzed. This is the new method for the evaluation of average thickness of the adsorbed layer. This method, based on measurements of radiation loss coefficients, is proposed. Sensitivity limits of such a scheme are discussed. The new scheme has strong response on formation on the adsorbed layer and relatively weaker response on the fluctuations of temperature and analyte concentration. New possibilities for multiparameter sensing are shown.
Introduction
Applications of grating couplers in biological and chemical sensing are well known Lukosz et al., 1991; Nellen and Lukosz, 1993; Brandenberg and Gombert, 1993; Clerc and Lukosz, 1997 . High sensitivity and real time data analysis Brecht and Gauglitz, 1998 provide the great interest in this type of sensors nowadays. However, increasing of sensitivity and getting a clear sensor response in the presence of fluctuations of temperature and chemical composition of the analyte are still important issues Stamm et al., 1998 . In this paper we suggest the use of new detection parameters and show that they can improve quality of gating sensor.
The traditional approach in grating based sensors is measurement of angular position of incident beam corresponding to maximal optical power coupled to the waveguide. One can also use the direction of outcoupled beam as sensing parameter. Light coupling/out coupling is described by phase-matching (Eq. (1)): 2y u n*= 2y u m i sin(q)+ l 2y \
where u is the wavelength of light, m i is the dielectric permittivity of medium into or from which light is coupled or outcoupled, n* is the modal index of the waveguide, q is the angle of incoupling or outcoupling, \ is the grating period and l=91, 92… is the diffraction order. In the experiment, the wavelength, the grating period, and the diffraction order are known, so that the angle q is unambiguously related to the modal index. In the real time measurements it is more convenient to measure the deviation of the angle from its initial position. This deviation is associated with the modal index change. Possibilities for high accuracy angle measurement provide high sensitivity of grating coupler based sensors. Operation of all grating coupler sensors is based on strong dependence of effective refractive indexes of waveguide modes on the thickness of sensing layer on the top of grating (Fig. 1) . However, very high resolution can not be exploited in practice because refractive index changes associated with chemical composition and/or temperature variations of the sample solution also contribute to the sensor response Stamm et al., 1998 . Although the modal index depends on refractive indices and thickness of all the layers forming the waveguide, there are only three major factors that may affect the modal index change in sensing experiment. They are: (1) sensing layer formation; (2) change of the refractive index of the solution due to chemical reactions; and (3) change of refractive indices of all the waveguide layers due to temperature variations. For extraction of pure response produced by sensor layer thickness dual wavelength scheme has been proposed Stamm et al., 1998 . However, even with dual wavelength operation it is possible in general cases to distinguish only two of the three factors, mentioned above. In this paper we suggest the use of radiation losses coefficients into substrate and into water as new informative parameters. The key property of these parameters is their dependence not only on changes of effective refractive indexes and field distributions, but also on phase difference of waves diffracted by different boundaries of the sensing layer. It provides very high level of sensitivity to changes of effective optical thickness of the sensing layer with relatively low sensitivity to temperature and concentrations variations.
It will be shown below that measurements of these parameters together with the standard parameter (effective refractive index) allow obtaining complete information about all processes that take place during biochemical reaction on the sensor surface.
Sensor response in the standard scheme
Let us consider a planar waveguide with the adsorbed layer on the top. The waveguide layer has thickness h w and dielectric permitthdiy m w . The dielectric permittivities of substrate and cover are osub and m c . The adsorbed layer has thickness h and dielectric permittivity m s . Since Lukosz and Tiefenthaler, 1988; Parriaux and Sixt, 1995 maximum sensitivity occurs for those values of hw, when only fundamental mode is supported, we will consider only single-mode waveguide, characterized by modal index n* and modal profile E(z). Both the modal index and the modal profile are functions of all waveguide parameters. At this stage we are not interested in consideration of particular dependencies. It can be found elsewhere Lukosz and Tiefenthaler, 1988 . We will study only changes of these parameters due to the processes that take place during typical biochemical reaction.
As it was mentioned, three main processes make considerable contribution to the sensor response. To estimate the contribution of each of these three effects to the sensor output signal let us apply the first order perturbation theory. For TE-polarized modes (for TM polarization the analysis is similar, although the formulas are slightly different) in a planar waveguide, the modal profile E(z) is known to be an eigenfunction of the Hamiltonian operator
corresponding to the eigenvalue of (n*) 2 . First, we will consider effect of sensing layer formation. Let us assume, that during biochemical reaction the thickness of the sensor layer has been change from h to h% =h+ D. It causes modal index change:
Where ñ* is the perturbed modal index, and H . %(z) is the perturbation Hamiltonian. For planar step index waveguide H . %(z)= [m%(z)-m(z)], and we can write
The mode field can be normalized so that:
Consequently, if the thickness of the sensing layer is small enough in order to neglect the modal field change over the region hBz Bh+ D (n* (h :
Where E 2 (h) is the squared modal field at the boundary of the sensor layer. Similarly one can obtain:
Where index m =0.3 corresponds to the substrate, waveguide film, sensor layer and cover, −h m is the coordinate of bound between them h 0 = −,
From these expressions it is logical to introduce normalized sensor parameters, witch will describe sensitivity of sensor scheme to three major influences.
Robustness of a particular waveguide configuration to concentration and temperature drifts can be characterized by relative sensitivity coefficients:
Physical meaning of these coefficients is obvious: they show what changes in concentration or cover refractive index or temperature are required in order to have the same level of signal as in the case of forming 1 nm thick sensing layer.
Short grating scheme
In this paper we present a new scheme and new sensor parameters. Grating on the top of the waveguide film provides light outcoupling into the substrate and cover. Let us start consider the grating coupler scheme shown on Figs. 2 and 3. The total power of the waveguide mode a(x) is decreasing due to radiative losses and propagation losses.
According to Brazas and Li, 1995: a(x)= a 0 · e
, where h sub is the radiation losses coefficient into the substrate, h c is the radiation losses coefficient into the cover and i are the propagation losses in the waveguide itself, and a 0 = a x = 0 is the boundary condition. The intensities of waves outcouple into the cover b c (x) and substrate b sub (x) are following:
Analytical formulas for radiation losses coefficients were derived using the first order Reyleigh-Fourier method Avrutsky et al., 1989 . The waveguide structure ( Fig. 1) contains planar waveguide layer with arbitrary refractive index profile deposited on the substrate with dielectric permitivity m sub . One boundary of the waveguide layer is corrugated. Thin sensing layer with dielectric permitivity m s and thickness h is deposited on the Fig. 2 . Standard output grating coupler sensor scheme: 1, monochromatic light source; 2, sensor element (Fig. 1) ; 3, lens; 4, CCD camera; connected to the computer. Fig. 3 . Suggested output grating coupler sensor scheme: 1, monochromatic light source; 2, sensor element (Fig. 1) ; 3, lens; 4, wide aperture photodiode; 5, CCD camera; connected to the computer.
top of the corrugated side of the waveguide layer. The radiative losses coefficients are given below
where
are the normalized grating depths. Other parameters in (3) are following
| is the grating depth, E(z =0), E(z= h) are amplitudes of the waveguide mode at the boundaries of the sensor layer (Fig. 1 ). Although precise form of the radiation losses coefficients is complicated, we can clearly see two important features. First, for a typical sensor scheme, the normalized depths are different in magnitude. Sensor layer is often thin, so E(h): E(0) dielectric permittivity steps at interfaces are different m s − m w m s − m c . Consequently S sub S c . Then, the radiation losses coefficients are proportional to squared electric fields at the boundaries, that, in turn, are proportional to the derivative of n* over h. These dependencies are much sharper, that n* itself. So, the method based on measurements of radiation losses is essentially related to derivatives of #n*/#h and so it is internally more sensitive than the traditional method based on measurements of n*. From another hand, as we can see, all h include phase terms , k, . These terms occurs due to interference of waves, diffracted on two corrugated boundaries of sensing layer. Although h is often much smaller than u or \, terms , k, have strong influence on derivative of losses coefficients over thickness of sensing film.
The total power outcoupled into substrate and cover on the grating with length L g is:
The power, that still remains in the waveguide after the grating region is:
Model simulations
The important property of radiation losses coefficients and, hence, of outcoupling powers is their strong dependenc from the thickness of the sensor film. To show this, we perforned some model simulations. The calculations were based on formulas (3) for the step index waveguide. Here we consider the case of four layers as in Fig. 1 . We assume, that monochromatic waveguide mode propagates in the waveguide layer with high refractive index m W = 2.344 2 (TiO 2 ), which is deposited on a standard glass slide with m sub = 1.5 2 . The cover layer is assumed to be water with m c = 1.33 2 . Thickness of the waveguide is chosen from the assumptions, that only fundamental modes exist. We consider the case of shallow grating with 2|= 10 nm and grating period \= 600 nm. The period has been chosen to get only one diffraction order for wavelength of 632.8 nm (HeNe laser). For such a shallow corrugation the first order Rayleigh-Fourier approximation can be used. Next, we assume that on the corrugated boundary of the waveguide a thin (h=10 nm) biochemical layer with dielectric permittivity m s = 1.34 2 is deposited.
Let us consider normalized sensitivity coefficients. For the case of radiation into substrate we have:
Similar sensitivity coefficients can be introduced for radiation losses coefficient into cover. Fig. 4a shows the example of the behavior of Y h -normalized sensitivity of effective refractive indexes of waveguide mode to sensing layer thickness changes. Fig. 5a shows similar plots for radiation losses coefficients. First important result is that absolute value of losses sensitivity coefficients is 100 times stronger, than that for effective refractive indexes. Even taking in to account that effective refractive indexes can be measured more accurately, than the losses, the sensor scheme based on losses measurements can provide about an order of magnitude increased sensitivity. To compare relative sensitivities for changes of m c (may be caused by drift of concentrations and so on) we plotted Fig. 4b and Fig. 5b . These plots show that radiation losses coefficients are at least two orders of magnitude more sensitive to the thickness of the sensing layer, than the angul parameters. Now let us compare radiation losses coefficients as sensor parameters with standard parameters n* in their sensitivity to temperature changes. In the standard scheme there are conditions, where response is independent from temperature changes (i.e. derivative of n* over T is equals to zero). However, in real experiments these conditions are difficult to satisfy -each experiment requires deferent sensing layers and even during one experiment the parameters of sensor layers always change. Except these points cross sensitivity coefficient of the new scheme is more than 100 times better than for the standard parameters.
We can conclude that using radiation losses as sensing parameters make the grating coupler based sensor at least 100 times more protected from temperature and concentration based changes in refractive index of tested media.
Sensitivity of the radiation losses based scheme
Various schemes for utilizing unique properties of radiation losses coefficients can be exploited. Nevertheless all these schemes will be based on measurements of changes of outcoupled power in to substrate, cover or light remaining after the grating (Fig. 3) . Therefore it is logical to introduce sensor parameter in the form of DP sub /P sub and/or DP out /P out and/or DP c /P c . The sensitivity limits will be determined by signal to noise ratio (4)- (6) Brecht and Gauglitz, 1998. Another important benefit can be obtained using experimental setup, shown on Fig. 3 . In this case we can obtain real time information about changes both in effective refractive indices of TE and TM modes by measuring the angular positions of maximum outcoupled power, and information about DP/P for substrate and end of waveguide for TE and TM modes. Using this information we obtain six linear equations in the form of:
Where x j are measured parameters described above and i -parameters, to be determined, like thickness of sensor layer, temperature, refractive index of tested media and so on. The matrix elements (derivativess) can be obtained from Lukosz and Tiefenthaler, 1988, (3) , (5-6). So, by solving system of linear equations (Eq. (c) of radiation losses coefficients for TE modes in to water (curve 1), TE modes into substrate (curve 2), TM modes in to water (curve 3), TM modes in to substrate (curve 1) versus waveguide thickness for the system, drown on Fig. 1 wit h, m s , m w , m sub , m c , u the same as at Fig. 4 and |=5 nm, \ =600 nm.
(7)) we can obtain real time information about all parameters that we are interested in.
Conclusions
The comprehensive analysis of the grating coupler sensor with the grating length less than interaction length has been done. On the basis of this analysis a new method of obtaining information has been proposed. This method is based on measurement of outcoupled light intensiiy, which is related to the grating's diffraction efficiency. From reasonable assumptions about the quality of experimental setup possibility to get better sensitivity for detection of useful parameter as thickness of sensor layer with at least two orders of magnitude more stability to temperature and concentrations based changes in refractive index of tested medium has been shown. Simple way of distinguishing all effects, affected the sensor system, has been suggested.
